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I. INTRODUCTION 

The combination of properties of elemental boron filaments 

make these unique among all other continuous filamentary ma- 

terials. The presently known filament characteristics indicate 

great potential for many special applications pertaining to space 

flight, as well as for the development of new composite materials. 

The properties of particular interest include the very high modulus 

of elasticity, about 55 x lo6 psi, the high melting temperature, 

about 2040°C, the low c?ensity, a b i l t  2.35 g/cc,  and tine consider- 

able retention of strength at temperatures to 1000°C. Although 

present strength-to-weight ratio for boron filaments is similar 

to that for glass filaments there is real potential for increasing 

the boron filament strength significantly. 

Possible applications of boron filaments include: the positive 

deployment of large radio wave reflective satellites or other light- 

weight structures, using stored elastic energy (Ref. 1); use in 

deployable re-entry structures where a high strength-to-weight ratio 

is required at a high temperature (Ref. 2); and in the form of metal- 

boron composites for compressively loaded shell and column struc- 

tures, such as are used in pressure resistant submarine hulls and 

atomic reactor supports (Ref. 3 ) .  
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11. FILAMENT FABRICATION 

Since boron f i laments  a r e  no t  r e a d i l y  a v a i l a b l e  f o r  experi-  

mentation, an apparatus was assembled t o  make labora tory  q u a n t i t i e s  

f o r  evaluat ion,  

I n  general  aspec ts  t h e  continuous l abora to ry  prepara t ion  

process is s i m i l a r  t o  one descr ibed by Claude P. Tal ley ,  e t  a1  

(Ref. 4 )  of Texaco Experiment, I n c .  A ’ 1 / 2  m i l  diameter tungsteq 

w i r e  !-s used a s  a s u b s t r a t e  on which t h e  boron is  deposited.  The 

wire is  f irst  cleaned by hea t ing  i n  a c leaning  chamber which con- 

t a i n s  a flowing hydrogen atmosphere. This  chamber conta ins  a l i q u i d  

mercury s e a l  a t  each end through which t h e  w i r e  i s  passed. The 

mercury also provides e l e c t r i c a l  con tac t s  with t h e  w i r e ,  and a 

c u r r e n t  is passed through t h e  w i r e  t o  h e a t  it t o  about 120OOC 

while i n  t h e  c leaning  chamber, The w i r e  then passes  d i r e c t l y  i n t o  

a second s i m i l a r  chamber where boron depos i t ion  is  accomplished. 

The w i r e  is independently hea ted  i n  the coating chamber t o  a tempera- 

t u r e  i n  the  range of 1000 t o  12OOOC. A mixture of boron t r ibromide 

vapor and hydrogen is passed through t h e  coa t ing  chamber. The 

BBr3-Hz mixture r e a c t s  a t  t h e  hea ted  tungs ten  su r face  and depos i t s  

elemental  boron i n  a non-crys ta l l ine  form. It  i s  e s s e n t i a l  t h a t  

t h e  w i r e  temperature be l i m i t e d  t o  about 1 2 O O O C  s i n c e  a t  h igher  

temperatures the boron begins  t o  c r y s t a l l i z e  wi th  a r e s u l t i n g  

great decrease i n  t e n s i l e  s t r e n g t h  of the f i lament .  
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The growth of t h e  boron f i laments  r e s u l t s  from a su r face  

r e a c t i o n  which does n o t  occur a t  t h e  same r a t e  a t  a l l  p o i n t s  on 

t h e  sur face .  I n  f a c t ,  t h e  su r face  m u s t  a l s o  e x e r t  a c a t a l y t i c  

e f f e c t  for t h e  r e a c t i o n  t o  occur,  s i n c e  growth occurs r e a d i l y  on 

metal  w i r e s  b u t  apparent ly  n o t  on carbon f i laments .  

A photograph of t h e  i n i t i a l  boron coa t ing  apparatus used is 

shown i n  Figure 1. The 1 /2  m i l  tungsten w i r e  e n t e r s  the apparatus  

a t  t h e  bottom, and t h e  boron f i lament  i s  taken up a t  t h e  top. This  

photograph was taken during a n  a&i~al  hrryr\rr coating TUX and sha'w'~ 

t h e  temperature d i s t r i b u t i o n  along the  f i lament  i n  both the clean- 

ing  and coa t ing  chambers. Subsequent improvements have been made 

t o  the  apparatus  to permit  longer time opera t ion ,  and included 

automatic r ecyc l ing  of unreacted boron bromide. 

3 



Figure 1 
Boron Filament Coating Apparatus 

Figure 2 
ASTRO Model 2570 High Temperature 
Filament Test Apparatus 

Figure 3 
Boron Filament Test Band and 
Split Ring Test Apparatus 
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111. TENSILE STRENGTH O F  BORON F I W N T S  

Considerable v a r i a t i o n s  have been observed i n  t h e  t e n s i l e  

s t r e n g t h  of i nd iv idua l  boron f i laments  produced. For t h e  m o s t  

p a r t  t h e s e  have va r i ed  from 25,000 f o r  f i laments  with flaws t o  

300,000 p s i ,  wi th  some indiv idua l  readings h igher  f o r  f i l aments  

produced under opt imal  condi t ions.  Filaments have been t e s t e d  

both a t  room temperature and a t  e levated temperatures t o  1 2 O O O C .  

For t h e  purpose of  t hese  tests, f i laments  w e r e  bonded t o  loading 

t a b s  and t e n s i l e  loads  appl ied  by c a l i b r a t e d  weights.  The se tup  

f o r  high temperature tes ts ,  using an ASTRO Model 2570 furnace i n  

v e r t i c a l  p o s i t i o n  wi th  muffle tube i n s e r t ,  is  shown i n  Figure 2. 

I n  order t o  o b t a i n  use fu l  values of s t r e n g t h  from ind iv idua l  

f i l aments ,  it is necessary t o  t e s t  many f i laments ,  and t o  t r e a t  

t h e  r e s u l t s  s t a t i s t i c a l l y .  This  is  both t ed ious  and t i m e  consuming, 

and t h e  r e s u l t s  can c h a r a c t e r i z e  p r i n c i p a l l y  t h e  f i lament  s e l e c t i o n  

process .  The average s t r e n g t h  of a long length  of f i lament  can, 

however, be cha rac t e r i zed  f r o m  d a t a  on t es t  bands, and can y i e l d  

a m o r e  meaningful engineer ing f igure .  For t h e s e  reasons tes t  

bands 4 inches i n  diameter and 0.3 inches wide w e r e  wound wi th  

s e v e r a l  l a y e r s  of boron f i laments ,  each l a y e r  w i th  100 tu rns .  A 

room temperature s e t t i n g  epoxy r e s i n  b inder  was appl ied  during 

t h e  winding process.  The boron f i lament  var ied  from 1.8 t o  2.0 
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m i l s .  Bands w e r e  then  s t r e s s e d  t o  f a i l u r e  us ing  a s p l i t  r i n g  

t e s t  apparatus shown i n  F igure  3 .  The load a t  f a i l u r e  for  a 

f i v e  layered (500 t u r n )  band was 0.68 pounds pe r  f i lament .  This  

corresponds t o  a s i n g l e  f i lament  stress of 216,000 p s i  assuming 

a l l  2 m i l  diameter f i l amen t s ,  o r  t o  268,000 p s i  assuming a l l  1.8 

m i l  diameter f i l aments .  The value of  s p e c i f i c  s t r e n g t h  measured 

f o r  t h i s  t e s t  band was 1.14 x lo6 inches:  however, t h i s  value is 

unnecessar i ly  low because of  r e s i n  excess r e s u l t i n g  from t h e  use 

of on ly  r e l a t i v e l y  few t u r n s  of t h e  f i lament .  

c - 
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I V .  MICROSCOPIC EXAMINATION OF FILAMENTS 

The f i laments  produced have a c h a r a c t e r i s t i c  su r f ace  

appearance. This  is shown under severa l  magnif icat ions i n  

Figures  4 through 6. 

Figure 4 shows t h e  c h a r a c t e r i s t i c  nodular su r face  of a 

vapor deposi ted coat ing.  Under some coa t ing  condi t ions  one 

nodule may begin t o  grow a t  a much g rea t e r  r a t e  than neighboring 

ones,  and a sp ike  i s  generated,  while occas iona l ly  seve ra l  sp ikes  

w i l l  o r i g i n a t e  immediately ad jacent  t o  each other- This condition 

r e s u l t s  i n  a mechanically weak po in t  i n  t h e  fi lament.  Figures  5 

and 6 show s i m i l a r  su r f aces  under g rea t e r  magnification. Figure 

6 is, however, remarkable because it shows what is apparent ly  a 

s t r a i g h t  l i n e  crack i n  a f i lament  as  produced. The apparent 

i r r e g u l a r i t i e s  i n  t h e  observed l i n e  appear t o  be t h e  i n t e r s e c t i o n  

of a s t r a i g h t  l i n e  crack with t h e  rough nodular surface.  

. .  

What is apparent ly  a s i m i l a r  phenomenon, but  enhanced by 

etching,  is shown i n  Figures  7 and 8. The s p i r a l  groove shown i n  

Figure 7 w a s  t r a c e d  along t h e  f i lament  f o r  7 complete revolu t ions .  

S imi la r  grooves have been observed on o t h e r  f i laments  a f t e r  e tch-  

ing.  I n  every case,  a l e f t  hand s p i r a l  was observed ( a s  receding 

from t h e  obse rve r ) .  This is a l s o  t r u e  f o r  t h e  non-etched crack 

shown i n  F igure  6. The crack a s  shown i n  Figure 7 is  about 0.46 
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F i g u r e  4 
Boron F i l a m e n t s ,  3 .1  M i l  
Diameter ,  About 5 0 X  

F i g u r e  5 
Boron F i l a m e n t ,  About  3 2 0 X  

A 
F i g u r e  6 
Boron F i l a m e n t ,  About lOOOX 

a 
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F i g u r e  7 
B o r o n  F i l a m e n t  S h o w i n g  E t c h e d  
S p i r a l  C r a c k ,  A b o u t  9OX 

F i g u r e  8 
B o r o n  F i l a m e n t  S h o w i n g  Etched 
C r a c k ,  E n d  V i e w ,  A b o u t  1 5 0 X  

F i g u r e  9 
B o r o n  F i l a m e n t  - A l u m i n u m  
C o m p o s i t e ,  A b o u t  9OX 
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m i l s  wide by 1 m i l  deep. I n  depth,  t h e r e f o r e ,  it extends down 

t o  t h e  o r i g i n a l  tungsten w i r e  core .  The p a r t i c u l a r  f i l ament  

shown i n  t h e s e  f i g u r e s  was loaded t o  f a i l u r e  i n  t ens ion  be fo re  

e t ch ing ,  and showed a t e n s i l e  s t r e n g t h  of on ly  60,000 p s i .  The 

l o w  s t r e n g t h  can be a s soc ia t ed  wi th  t h e  g r e a t  su r f ace  i r r e g u l a r i t y  

t h a t  can be observed i n  Figure 7 .  

I 

I 

The f a c t  t h a t  a crack has  been observed i n  a f i l amen t  a s  

produced, shown i n  F igure  6 ,  i n d i c a t e s  t h a t  t h e s e  can develop 

dur ing  f a b r i c a t i o n .  Such cracks can be i n t e r p r e t e d  a s  evidence 

for cons iderable  s t r a i n  developed between t h e  f i l amen t  core, 

I which has been converted t o  a tungs ten  bo r ide  during coa t ing ,  and 

t h e  exterior shea th  of non-c rys t a l l i ne  boron. Addit ional  evidence 

fo r  th i s  is  given subsequently.  
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V. BORON FILI?MIWl".~LW,'IN'JM COMPOSITES 

Two i n i t i a l  boron-aluminum composites have been made. I n  

t h e  f i r s t  a 24ST aluminum a l l o y  was melted and poured i n t o  an 

evacuated 1/8 inch diameter Vycor t u b e  packed wi th  boron f i l a -  

ments. The boron f i laments  w e r e  preheated be fo re  i n f i l t r a t i n g  

with aluminum. Sec t ions  of t h e  composite w e r e  prepared f o r  

microscopic examination, and a t y p i c a l  section shown i n  Figure 

9. I t  can be seen i n  Figure 9 t h a t  a l a r g e  percentage of t h e  

f i laments  have s p l i t ,  forming regular  V-shaped gaps i n  the fila- 

ments. Fu r the r ,  it appears t h a t  aluminum has i n f i l t r a t e d  i n t o  

these  s p l i t s .  These s p l i t s  have not  developed a s  a r e s u l t  of 

gr inding  t h e  section, s i n c e  s i m i l a r  s p l i t s  have been observed on 

f i laments  exposed a t  a f r a c t u r e d  surface.  

A second composite was made, without prehea t ing  t h e  boron 

f i laments ,  by quickly immersing a Vycor tube packed with boron 

f i laments  i n t o  a m e l t  of aluminum. The tube was then quickly 

evacuated t o  draw t h e  mol ten  aluminum i n t o  t h e  tube.  Figure 10 

shows a c h a r a c t e r i s t i c  photomicrograph of a s e c t i o n  prepared by 

gr inding  wi th  600 g r i t  s i l i c o n  carbide.  I t  can be seen t h a t  t h i s  

composite does n o t  show the V-shaped s p l i t s  seen previously.  

However, nea r ly  every f i lament  end i n  t h e  f i g u r e  shows e i t h e r  

t h r e e  or  four  r a d i a l  cracks extending outward from t h e  cen te r .  

11 



These c h a r a c t e r i s t i c  cracks a r e  shown i n  l a r g e r  magnif icat ion.  

i n  Figure 11. 

I n  c o n t r a s t  t o  t h e  "V" cracks  shown i n  Figure 8, t h e  s p l i t -  

t i n g  of the f i laments  shown i n  Figures  9 and 10 appears t o  be a 

r e s u l t  of t h e  gr inding s t e p s  requi red  f o r  preparing a s e c t i o n  f o r  

microscopic observat ion.  S imi l a r  s p l i t t i n g  has  been observed i n  

a s ec t ion  prepared from boron f i laments  embedded i n  a room tempera- 

t u r e  3 e t t i n g  r e s i n .  I n  t h i s  case t h e  f i laments  w e r e  no t  heated 

a f t e r  f a b r i c a t i o n ,  and hea t ing  t h e r e f o r e  cannot be a cause.  I t  

the re fo re  appears t h a t  r o l l i n g  of t h e  abras ive  g ra ins  over t h e  

f i lament  ends during gr inding  must  i n i t i a t e  t h e s e  f r a c t u r e s ,  and 

t h a t  t h e  f r a c t u r e s  s e rve  t o  r e l e a s e  s t r a i n  developed be tween t h e  

tungsten bo r ide  core and t h e  boron shea th  of t h e  f i lament .  

A n  i n t e r e s t i n g  view of t h e  d i f f e r e n c e  i n  p r o p e r t i e s  of t h e  

boron sheath and t h e  core can be seen i n  Figure 12 .  I t  can be 

seen t h a t  t h e  600 g r i t  s i l i c o n  ca rb ide  has  s e l e c t i v e l y  ground 

both t h e  aluminum matr ix  and t h e  tungs t en  bor ide  core of  t h e  f i l a -  

ments. 
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Figure 10 
Boron Filament - Aluminum 
Composite, About 9OX 

Figure 11 
Boron Filament - Aluminum 
Composite, About 175X 

Figure 12 
Boron Filament - Aluminum 
Composite, About 300X 



3 / 5  V I .  SUMMARY AND CONCLUSIONS 

R e s u l t s  of t h e  work t o  d a t e  show t h a t  f i l aments  made by 

deposi t ing elemental  boron on tungsten w i r e  a r e  under consider-  

ab le  i n t e r n a l  s t r a i n .  This e f f e c t  can a r i s e  i n  two ways: F i r s t ,  

from expansion of t h e  tungsten l a t t i c e  a s  boron is  introduced. 

This e f f e c t  could cause t h e  observed s p i r a l  cracks,  a s  we l l  a s  t h e  

r a d i a l  end cracks  t h a t  develop on gr inding  end sec t ions .  Second, 

s i n c e  the  f i laments  a r e  formed a t  a high temperature a d i f f e r e n t i a l  

thermal expansion between t h e  tungsten bo r ide  core and t h e  boron 

sheath can cause s i g n i f i c a n t  s t r e s s e s  t o  develop on cool ing.  AL / i I O r  
-A1 

Such i n t e r n a l  s t r e s s e s  can d r a s t i c a l l y  modify t h e  inherent  

s t r e n g t h  of both t h e  boron sheath and t h e  tungsten bor ide  core.  

The presence of cracks a s  observed i n  t h e  f i laments  may increase  

t h e  o v e r a l l  s t r e n g t h  of t he  f i laments  by r e l i e v i n g  t h e  i n t e r n a l  

stresses developed during f a b r i c a t i o n .  However, i f  c racks  a r e  

present  o r i e n t e d  approximately normal t o  t h e  f i lament  a x i s  t h e s e  

would a c t  a s  stress r a i s e r s  and s i g n i f i c a n t l y  weaken the  f i laments .  

I n  e i t h e r  event,  using a core m a t e r i a l  with c h a r a c t e r i s t i c s  d i f -  

f e r e n t  from t h e  tungsten bo r ide  can be expected to  have a g r e a t  

e f f e c t  on t h e  mechanical p r o p e r t i e s  of t h e  composite f i lament .  

I t  w i l l  be necessary t o  eva lua te  a l l  of t h e  above possibilities 

i n  d e t a i l  before  t h e  r e a l  s t r e n g t h  of t h e  amorphous boron sheath 

can be evaluated, and before  t h i s  can be compared with t h e  theo- 

r e t i c a l  s t r e n g t h  of  s eve ra l  m i l l i o n  p s i  which one might expect 
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based on t h e  high modulus of e l a s t i c i t y .  A t  t he  same t i m e  t he  

value of 220,000 t o  270,000 p s i  found f o r  t h e  500 t u r n  t e s t  band, 

made wi th  l i t t l e  development e f f o r t ,  is  h igh ly  encouraging, and 

is  of i n t e r e s t  even a t  t h i s  l eve l .  With t h i s  r e s u l t  s p e c i f i c  

app l i ca t ions  f o r  boron f i laments  should be c a r e f u l l y  evaluated. 

A t  t h e  same t i m e ,  however, t h e  b a s i c  l i m i t a t i o n s  of t h e  

p re sen t  process  must be considered. These p r i n c i p a l  l i m i t a t i o n s  

, include t h e  cost  of t h e  tungsten core,  a s  w e l l  a s  t h e  l imi t ed  

lengths  t h a t  can be drawn, and t h e  very s l o w  production r a t e s  

f o r  t h e  boron coa t ing  process.  



m1. RECOMMENDATIONS FOR FUTURE WORK 

Experimental work should be performed to gain an under- 

standing of internal stress conditions within the tunqsten- 

boron composite filaments. It will not be possible to evaluate 

the ultimate potential and possible limitations of such fila- 

ments until such an understanding has been achieved. 

More detailed engineering data should be obtained for the 

best filaments that can be produced reproducibly today. This 

should include more data on assembled samples, including test 

bands, as well as more elevated temperature data on single fila- 

ments. 

Exploratory studies should be carried out on the possible 

use of other substrates for boron deposition, or on the possi- 

bility of continuous filament formation from a melt or solution. 

An exploratory study should be made of boron filament- 

metal composites to establish the general characteristics of these, 

so that the future potential of these can be realistically judged. 
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